Abstract -Variation of the physico-chemical environment was used to optimize the selective extraction of lysozyme (14 300 g . mol -1 ) from a model protein mixture with lactoferrin (77 000 g . mol -1 , in monomer form) by ultrafiltration (UF). The system protein-membrane-electrolyte was studied using electrokinetic measurements, in order to determine the charge of both free proteins and fouled membrane, depending on the physico-chemical environment (pH, ionic strength, chemical nature of added salts). This paper shows that, in order to achieve the extraction of a protein from a mixture, the following strategy can be used: the target protein recovered in the permeate has to be uncharged, whereas the retained protein has to be charged in order to exploit the electrostatic repulsion of the membrane partly fouled by the charged protein. This approach was successfully used to achieve the lysozyme/lactoferrin separation with a high selectivity (lysozyme transmission/lactoferrin transmission) using an anionic membrane of pore diameter close to 28 nm. The selectivity of the separation was studied according to the variation of the ionic strength, in the range 1 to 150 mmol . L -1 , with either sodium chloride or potassium phosphate. Whereas selectivities were close to 20 in sodium chloride, they were always greater in potassium phosphate and increased up to 120. 
INTRODUCTION
The aim of the work reported herein was to optimize the separation of a model binary mixture of an egg white protein, lysozyme (14 300 g . mol -1 , pH of zero charge (pzc = pI = 11) and a cow milk protein, lactoferrin (77 000 g . mol -1 in monomer form, pzc = pI = 8-9), using an ultrafiltration process (UF), by variation of the physico-chemical environment (ionic strength and chemical nature of the electrolyte).
To perform the separation of mixture of 2 proteins, according to mechanisms inferred from UF of a single protein, the membrane selectivity (defined as the ratio of the target-protein transmission to the contaminantprotein transmission, here the lysozyme transmission to lactoferrin transmission ratio) can be improved by taking into account the electrostatic interactions occurring between the charged protein and the membrane fouled by the charged protein [5, 10] . Therefore, the transmission of the uncharged target protein should be increased whereas that of the contaminant protein should be decreased by its charge because of electrostatic repulsions. The extraction of a protein at its point of zero charge from protein mixture, has been shown to be feasible [6, 10] .
Lentsch [3] performed the ultrafiltration of lactoferrin (1 g . L -1 ) with a sulfonated polysulfone membrane (MMCO 200 000 g . mol -1 ) at pH 6.8 using NaCl to increase ionic strength. The lactoferrin transmission was lower than 1% at ionic strength below 50 mmol . L -1 . In this range, lactoferrin tends to be in an aggregated form.
Lucas et al. [5] ultrafiltered lysozyme with inorganic zirconia membranes, modified with positively-charged-polyethyleneimine, in relation with the physico-chemical conditions, namely by variation of the ionic strength with different electrolytes, such as NaCl and potassium phosphate. An empirical correlation between mobility (the electrophoretic mobility of a solute is roughly proportional to the ratio of its apparent charge to its radius [8] ) and transmission of lysozyme was shown: the observed transmission varied from 0 to 100%, in close correlation with the net charge of the protein according to its physico-chemical environment. The transmission was higher when lysozyme was uncharged and lower when lysozyme was highly-charged [5] . From these results, Rabiller-Baudry et al. [9] proposed a model based on convection-diffusion and electrophoretic migration (CDE model) accounting for the electrostatic repulsion between the fouled membrane and the protein.
The aim of this study was to achieve the selective extraction of lysozyme from a mixed solution made of lysozyme and lactoferrin. In this study, UF experiments with either single or mixed protein solutions (lysozyme, lactoferrin) were performed with anionic modified zirconia membranes in different physico-chemical environment, i.e. variation of the ionic strength by addition of an electrolyte, and of the chemical nature of the electrolyte (sodium chloride, potassium phosphate). The free proteins and fouled (membrane) grafted zirconia were characterized, through their electrophoretic mobilities.
MATERIALS AND METHODS

Reagents
Lysozyme was provided by Ovonor S.A. (Trégueux, France), lactoferrin by Sodelac (Recogne, Belgium). Acetonitrile of spectroscopic grade was used for HPLC experiments. All inorganic reagents were of analytical grade. Water used was deionized and filtered (1 µm) (Aquadem-Elga, Vern-surSeiche, France).
Electrophoretic mobility and HPLC
The electrophoretic mobilities of single proteins and modified zirconia particles with
Calculations
Transmission (Tr) of a protein was defined according to equation (1) .
with Cb: concentration in the bulk (retentate), and Cp: concentration in the permeate.
The membrane selectivity (S) is focused on the target protein (lysozyme) and accordingly defined as the ratio of lysozyme transmission (Tr LYS ) to lactoferrin transmission (Tr LF ) according to equation (2) .
The hydraulic resistance due to membrane fouling was calculated according to equation (3):
where R f (m -1 ): hydraulic resistance due to overall fouling during UF run; R m (m -1 ): hydraulic resistance to water; L p (L . h -1 . m 2 . bar -1 ): hydraulic membrane permeability; and η (Pa . s): dynamic viscosity of the permeate.
Zirconia membranes and zirconia powders
Multichannel ultrafiltration inorganic membrane (alumina matrix, filtering layer made of zirconia) with 300 000 g . mol -1 molecular mass cut-off was used (Kerasep 300 kD, Orelis -this membrane has 7 channels, 2.0 cm outer diameter and 0.45 cm channel diameter, 40 cm length, 0.0396 m 2 filtering area). Zirconia powder used to simulate the membrane surface layer was of a similar nature to that on the membrane, and was also provided by Orelis (same process history).
We performed chemical modification of Kerasep membranes and zirconia powder by grafting anionic groups of pyrophosphate type (called A). The home made modified and without proteins in different electrolytes were measured with a Delsa 440 (Coultronics) according to a procedure previously described [5] . The accuracy was ± 0.2 × 10 -8 m 2 . V -1 . s -1 . Zirconia powder (P 316, Orelis, Saint-Maurice-de-Beynost, France, specific area about 33 m 2 . g -1 ) with the same process history as the zirconia on the membrane was used.
The lactoferrin radius was determined by quasi elastic light scattering (Malvern Instruments, Orsay, France, 7032 type) at room temperature. Diffusion coefficients were obtained by extrapolation at infinite dilution. Protein concentration was within 1-20 g . L -1 and lactoferrin was filtered (0.1 µm) twice before use.
The protein concentrations, both in permeate and retentate, were determined by reversed phase high performance liquid chromatography (RP-HPLC) according to [4] . The accuracy of the protein concentration was assessed to 5%. Therefore, accuracy was about 10% for protein transmission and 20% for membrane selectivity.
Ultrafiltration
The ultrafiltration system (PSVR3R, 
RESULTS AND DISCUSSION
Protein and membrane
characterisation related to the physico-chemical environment Table I shows the diffusion coefficients and the calculated Stokes radius at pH 7 determined by using the well-known Stokes-Einstein equation. Accordingly, lactoferrin behaved as a monomer (approximately 77 000 g . mol -1 ) and tetramer (about 320 000 g . mol -1 ) in NaCl concentrations of 0 and 200-1000 mmol . L -1 , respectively. It has also been reported that lactoferrin behaves as a tetramer in the presence of calcium [1] .
Lactoferrin radius and molecular weight at varying NaCl ionic strength
Electrophoretic mobility of proteins
The electrophoretic mobility of lysozyme and lactoferrin versus ionic strength were determined at pH 7 with NaCl and at pH 9 with potassium phosphate. Lysozyme [5] and lactoferrin at pH 7 are positivelycharged in NaCl (indifferent electrolyte) as expected from their point of zero charge (Fig. 1) . In phosphate at pH 9, lysozyme was positively-charged at ionic strength lower than 10 mmol . L -1 , uncharged in the range 10 to 20 mmol . L -1 , and negativelycharged over 50 mmol . L -1 because of the specific adsorption of phosphate (Fig. 2) . For lactoferrin at pH 9, the roughly constant negative charge in the whole ionic strength range likely means a specific adsorption of the phosphate anion on lactoferrin similar to that observed for α-lactalbumin by capillary electrophoresis [8] .
Thus, the optimum physico-chemical conditions (uncharged lysozyme and charged lactoferrin) required for the sepa- lysozyme and lactoferrin transmission increased and the fouling decreased (Tab. II).
In potassium phosphate at pH 9, in the case of a constant fouling, the curve of the transmission of lysozyme plotted against the ionic strength showed a maximum for a ionic strength of 10-20 mmol . L -1 [5] . On the contrary, lysozyme transmission with the 300 kD-A membrane increased with ionic strength as the fouling decreased in phosphate at pH 9. Consequently, it appears that with the 300 kD-A membrane, the decrease of overall fouling overcomes the electrostatic repulsion allowing the lysozyme transmission to remain high and even to increase at ionic strength larger than 50 mmol . L -1 .
UF of proteins in mixture
Figures 3a and 3b show transmissions of lysozyme and lactoferrin, in a mixture, versus ionic strength using either NaCl or potassium phosphate.
Lysozyme transmission in the protein mixture increased from a few percent to about 70%, with increasing ionic strength. At pH 9, the transmission of slightly-charged lysozyme was better than that in NaCl at pH 7, despite the fact that membrane fouling being slightly higher in the phosphate olution (not shown). In NaCl at pH 7, membrane fouling remained equivalent to that of UF using single protein solutions (Tab. II).
ration of the protein mixture should be: 10-20 mmol . L -1 ionic strength provided by potassium phosphate at pH 9.
Electrophoretic mobility of zirconia particles fouled with protein
The electrophoretic mobility of ZrO 2 -A particles with and without the protein was measured at constant pH and various ionic strengths (data not shown). Such experiments were performed to simulate the protein fouling at the membrane surface layer. It was ascertained that the free protein imposed its charge/potential to the proteinfouled-material, as already found from measurements of mobility of zirconia particles [5] and membrane streaming potential [7] . The fouled membrane is always charged similarly to the free protein.
UF of mixture of lysozyme
and lactoferrin (50/50 w/w)
UF of single protein solutions
Preliminary ultrafiltration of single protein solutions was achieved in NaCl at pH 7 as a function of increasing ionic strength: Lactoferrin transmission at pH 7 was lower than 2.5% at ionic strength up to 100 mmol . L -1 NaCl; its transmission was limited to 15-20% in 1 mol . L -1 NaCl likely due to the lactoferrin tetramer formation. At pH 9 in phosphate, the transmission of negatively-charged-lactoferrin in its most likely monomer form was lower than 0.7% (estimated from HPLC detection limit) in the range 1 to 150 mmol . L -1 ionic strength. Figure 3c shows that the membrane selectivity (Eq. (2), dimensionless ratio) was about 23 (±7) up to 100 mmol . L -1 NaCl and about 5 over 500 mmol . L -1 NaCl. At pH 9 when the ionic strength in phosphate was 10 mmol . L -1 or higher, the membrane selectivity was in the range 30-100. An optimum selectivity could be reached between 20 and 50 mmol . L -1 ionic strength, close to the range 10 to 20 mmol . L -1 expected from electrophoretic mobilities of single proteins.
Even though the UF procedure, carried out at VRR =1, was not appropriate for the suitable evaluation of purity of lysozyme in the permeate, it is worth observing that the instantaneous purity of lysozyme in the permeate reached 95% (selectivity close to 20) and 99% (selectivity close to 70) in NaCl and potassium phosphate, respectively, starting from an initial purity of 50%.
The very high maximum purity of lysozyme in the permeate may be related to the tetramer form of lactoferrin at such high ionic strengths which overcomes the decrease of electrostatic repulsion between free lactoferrin and the fouled membrane, despite the decrease of the fouling.
CONCLUSION
Enhanced membrane separation of two proteins in solution can be achieved when the target protein transmitted through the membrane and recovered in the permeate is uncharged and the protein to be retained is charged in order to be electrostatically repulsed by the fouled-membrane. The modified membrane carrying initially a negative charge decreased the fouling due to the negatively-charged protein.
This study demonstrated the possibility of using the apparent isoelectric point (iep), related both to the pH and ionic strength for separation of two protein species based on specific adsorption of electrolyte ions.
Similar results were obtained for separating a mixture of lysozyme and ovotransferrin of white egg [2] . 
